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attachment (attachment of sister kineto-
chores to opposite spindle poles) and,
presumably, microtubule stabilization.
Probably due to the multipolar nature of
the centrosome-free meiotic spindle in
mouse oocytes even when kinetochores
become active players, biorientation is
not achieved easily. By monitor-
ing distances between centromeres in
paired homologs during the late phases
of alignment in meiosis I, Kitajima and El-
lenberg (Kitajima et al., 2011) provided an
impressive quantitative overview of chro-
mosomes’ multiple attempts to biorient
and demonstrated that Aurora B kinase is
crucial for the correction of the many erro-
neous attachments.
A very intriguing implication from these
studies is that chromosomes might exer-
cise temporal control on the ability of their
kinetochores to form end-on attach-
ments, as also hypothesized in a previous
study (Gassmannet al., 2008). It is possible
that the suppression of sturdy end-on
attachment in early mitosis serves thepurposeofpreventing the formationof tight
kinetochore-microtubule interactions be-
fore spindle bipolarization, which has
beenshown toenhance the riskof chromo-
some attachment errors and lagging chro-
mosomes at anaphase (Ganem et al.,
2009).
The ability to observe unperturbed
chromosome movements in live dividing
cells at the impressive resolution ob-
tained in these studies is bound to lead
the way to more quantitative analyses of
mitotic and meiotic perturbations. Such
perturbations are believed to be at the
heart of what is probably the most fre-
quent, and paradoxically most often ig-
nored, genetic abnormality of cancer
cells, aneuploidy. As importantly, in oo-
cytes aneuploidies generated in the first
meiotic division are the leading cause of
infertility and severe congenital diseases.
Accurate descriptions of the proceedings
of cell division will shed a new light on
mitosis under normal and pathological
conditions.Cell 14REFERENCES
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Biological membranes are two dimensional, making the discovery of quasi-one-dimensional diffu-
sion of membrane proteins puzzling. Jaqaman et al. (2011) now show that actomyosin and tubulin
interact to establish long, thin diffusion corridors, thereby increasing the effective concentration of
select membrane proteins to promote their interactions and modulate signaling.Ever since Gorter and Grendel’s dis-
covery 80 years ago that red blood cells
have enough lipid for two molecular
layers, biologists have been debating
how proteins diffuse and interact in the
membrane bilayer. A more recent part of
the debate, the lipid raft model, rejects
the notion that membrane proteins arehomogenously distributed in favor of
a model in which membrane proteins are
characterized as raft-associated or not
(Lingwood and Simons, 2010). This gen-
eralization, however, has proven a simpli-
fication, and other models for limiting
receptor diffusion have since been pro-
posed. Observed confinement zoneshave led to ‘‘fence’’ models (Morone
et al., 2006). In this issue, Jaqaman et al.
(Jaqaman et al., 2011) consolidate the
general idea of ‘‘fence’’ models and ex-
tend the paradigm by showing that the
integral membrane protein CD36 clusters
in elongated Brownian trajectories, effec-
tively increasing protein concentration.6, August 19, 2011 ª2011 Elsevier Inc. 501
Figure 1. Four Models of Microtubule-Dependent Modulation of Membrane Protein
Diffusion
(A) In model 1, adapted from Jaqaman et al. (2011), tubulin causes local disruption of cortical actin.
(B) In model 2, adapted from Jaqaman et al. (2011), tubulin acts to separate cortical actin spatially from the
bilayer, disrupting actin-membrane interactions and leading to altered diffusion of membrane proteins.
(C) Tubulin displaces actin-binding membrane proteins (ABMPs) to open paths for membrane protein
diffusion along elongated linear corrals.
(D) Tubulin-dependent motor proteins anchored by ABMPs to actin corrals mediate corral translation.Their findings suggest that these one-
dimensional confinement zones influence
rates of receptor collision and modulate
signaling.
One-dimensional movement within the
two-dimensional membrane has been
observed previously in studies of hemag-
glutinin diffusion on fibroblasts (Hess
et al., 2007). Now, Jaqaman et al. show
that the diffusion of CD36 on macro-
phages is likewise mostly in one dimen-
sion. However, within these one-dimen-
sional domains, receptor movement is
isotropic without directional bias on milli-
second timescales (Figure 1). Instead,
the confinement reduces the dimension-
ality of diffusion and the area in which
CD36 can move, such that the effective
concentration is increased. In other
words, when degrees of freedom are
restricted from two dimensions to one,
the area of interaction grows as the perim-
eter of the domain grows, at constant
area. Analytically, the effect of dimension-
ality on the kinetics of diffusion-controlled502 Cell 146, August 19, 2011 ª2011 Elseviereactions was solved by considering the
trajectory of a diffusing particle at limiting
small step sizes, modeled as a Wiener
trajectory, with a thickness determined
by the critical collisional radius of the inter-
acting particles (Berezhkovskii et al.,
1989). When the diameter of the diffusing
particle is on the order of the width of the
domain, then that thickened trajectory—a
Wiener sausage—has an increased area
of interaction (Berezhkovskii et al.,
1989). This has important implications for
protein-protein interactions, particularly
by promoting weak interactions. Consis-
tent with predictions by this model, Jaqa-
man et al. show that the increased effec-
tive concentration leads to increased cell
signaling of CD36.
The geometry of the confinement do-
mains itself can mediate gradients in pro-
tein concentration even without protein-
protein interactions. This is supported by
the idea that, for a mobile membrane
component with an average diffusion
rate of D0.1 mm2/s, the observed con-r Inc.finement zone width allows diffusion in
the narrow dimension such that con-
centration gradients can be dissipated
on timescales of 180 ms. For a length
of 1 mm, the end-to-end motion
would average 28 times longer, allow-
ing transient concentration gradients on
timescales of a few seconds. For
D0.01 mm2/s, the lengthwise timescale
would approach tens of seconds. Thus,
an elongated domain promotes protein
concentration gradients. The observation
by Jaqaman et al. that CD36 concentra-
tion increases near the domain perimeter
and the increased diffusion coefficient of
CD36 within the linear confinement zones
may also help to explain the measured
increase in collision rate.
Data from Jaqaman et al. and pre-
vious studies suggest a potentially gen-
eral model for membrane heterogeneity
through cytoskeletal interactions. For in-
stance, the confinement dimension for
CD36 matches that reported for H-Ras
(Semrau and Schmidt, 2007). Also, their
findings are largely consistent with the
picket fence model proposed by Kusumi
and colleagues allowing for small modi-
fications. Building on Goswami et al.
(2008), Jaqaman et al. show how cortical
actin and actomyosin control membrane
organization. The convergence of data
invoking a cortical cytoskeletal layer
suggests a model in which numerous in-
teracting protein partners as well as lipid
interactions create these confinement
zones (Morone et al., 2006).
Actin and tubulin working together to
organize the membrane (e.g., tubulin-
dependent redistribution of cortical actin)
enable significantly greater specificity
and variety of function to be orchestrated
by membrane-cytoskeleton interactions.
Essentially, more subtle patterns of mem-
brane localization and a variety of dynamic
processes are unlocked. Most impor-
tantly, this cooperativityprovidesa second
channel of communication between the
internal system of cytoskeleton radiating
from the centrosomes (microtubules) and
the cortical layer of actin—a diffusive
channel to complement the motor-driven
active channel on the microtubule. For
cells in tissues with differing neighbors,
this greater spatial specificity allows the
cell to build a much more varied and
dynamic topology for differential distribu-
tions ofmacroscopic biological structures.
Several specific mechanisms can be
envisioned for these quasi-linear do-
mains, which remarkably are distributed
near the radial paths of microtubules. Is
there a linear path cut through the actin-
bound membrane fences (Figure 1A)?
If so, the confinement width should
broaden when the cortical actin mesh-
work is disrupted. Do microtubules peel
the cortical actin away from the bilayer
and thus create a ‘‘tent’’ of actin-free
membrane (Figure 1B), or do they prefer-
entially localize to the well-known folds
of macrophages? This should be discern-
able in electron tomography. Is actin-
binding transmembrane protein (ABTP)
density spatially dependent on both actin
and tubulin (i.e., a scaffolded picket fence;
Figure 1C)? In this scaffolded picket fence
model, microtubules just below the
membrane could break the connections
between cortical actin and the ABTP
‘‘pickets’’ in the membrane, clearing a
path for diffusion of membrane compo-
nents along a channel but leaving the
cortical actin itself intact and still in
reasonable proximity to the membrane
for rapid reversal of tubulin-dependent
effects. Is the confinement zone itself
moving within the membrane, either by
diffusion or by attachment to one or
more molecular motors (Figure 1D)? Inthis case, the diffusion would be micro-
scopically isotropic with confinement to
190 nm, but a nanoscale drift in one di-
rection would be superimposed, as, for
example, in the Smoluchowski equation
(Berezhkovskii et al., 1989). There is pre-
cedence for the model of cytoskeletal
movement, such as in the radial actin mo-
toring in the immune synapse (Yu et al.,
2010). Further experiments will be neces-
sary to fully elucidate the mechanism
behind these domains.
The capabilities of superresolution mi-
croscopy and other single-molecule tech-
niques may be the key to understanding
how directed motion (for example via
actomyosin and microtubules) is cooper-
atively coupled to diffusive motion within
the bilayer. Simultaneous three-dimen-
sional superresolution live cell imaging of
actin, tubulin, and membrane compo-
nents, for example, could potentially dis-
tinguish directly between the models dis-
cussed here. The techniques used by
Jaqaman et al. to measure directly colli-
sion rates and metastable clustering ele-
gantly add the important fourth dimension
of protein-protein interaction missing
from most membrane domain studies.
Future studies using these techniques
will be needed to test the hypothesis
that the geometry per se of cytoskeletalCell 14confinement plays a significant physio-
logical role for cell signaling.ACKNOWLEDGMENTS
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Cell-fate decisions are tightly linked to cellular energy status. In this issue, Yi et al. (2011) introduce
a mechanism by which Bcl-xL lowers the threshold for apoptosis by suppressing acetyl-CoA pro-
duction, which, in turn, suppresses the N-alpha-acetylation important for activation of the proapop-
totic protease caspase-2.A cell’s decision to die by apoptosis,
become quiescent, or proliferate is influ-
enced by the metabolic conditions of thecell and its surrounding tissue. Over the
past decade, multiple studies have estab-
lished direct links between these criticalcellular pathways. For example, when glu-
cose levels fluctuate, glucose-sensing
pathways transduce signals through the6, August 19, 2011 ª2011 Elsevier Inc. 503
